A variety of thioglycosides are chemoselectively hydrolyzed to the corresponding 1-hydroxy glycosides using equimolar amounts of NIS/TFA as promoter systems.
Thioglycosides are versatile building blocks in synthetic carbohydrate chemistry. Installing an aryl-or alkylthio functionality at the anomeric center of most common monosaccharides is easily accomplished, starting from the corresponding peracylated sugars. 1, 2 Anomeric thio functionalities are compatible with many protective group manipulations inherent to carbohydrate synthesis practice, thereby allowing their introduction at an early stage of an oligosaccharide synthesis route. Thioglycosides can be activated by a number of reagent systems, the most prominent of which are the N-iodosuccinimide/trimethylsilyl trifluoromethanesulfonic acid (NIS/ TMSOTf) 3 and the sulfoxide (both 1-benzenesulfinylpiperidine and diphenylsulfoxide)/triflic anhydride reagent systems. 4, 5 As such, thioglycosides are often employed as carbohydrate donors in oligosaccharide and glycoconjugate synthesis. 6 A further advantageous property of thioglycosides, enabling their use in chemoselective glycosylation strategies, is their relative inertness toward activating systems other than those directed to anomeric thio functions. 7 A relative shortcoming of anomeric thio functionalities is the difficulty often encountered in their removal. The numerous reported procedures for the hydrolysis of thioglycosides include heavy metal salts, N-bromosuccinimide (NBS) or NIS in wet acetone, [8] [9] [10] 16 chloramine-T 17 and NIS/TfOH. 18 In our experience none of these methods is fail-safe in their application on different thioglycosides and it is a common practice in our laboratory to select and try a few on a given thioglycoside to achieve the desired anomeric deblocking. This is unfortunate, because it limits the use of thio functionalities as anomeric protecting groups. Based on their excellent glycosylation properties, one would think that thioglycosides are easily hydrolysable by executing a standard thioglycoside mediated glycosylation protocol, but with H 2 O as an acceptor instead of an acceptor glycoside. With this reasoning in mind, we set out to study the NIS mediated hydrolysis under acidic conditions of a set of diversely functionalized thioglycosides.
In an initial set of experiments, phenyl 2,3-di-O-benzyl-4,6-O-benzylidene-1-thio-a-D D-mannopyranoside (1) was treated with 1 equiv NIS in wet methylene chloride (CH 2 Cl 2 /H 2 O = 10:1) in the presence of either a catalytic amount of TfOH or an equimolar amount of trifluoroacetic acid (TFA) (Scheme 1).
Both reaction mixtures were stirred for 30 min at 0°C and subsequently quenched by the addition of an aqueous solution of sodium thiosulfate. The protocol involving triflic acid proved to be unproductive: next to trace amounts of the desired hydrolysis product both self-condensation products and benzylidene cleavage products were formed, as detected by LC-MS. In contrast, the NIS/TFA conditions afforded the target mannose derivative 2 in 75% yield ( Table 1 , entry 1). The outcome of these two experiments led us to make several observations. First, the conditions involving catalytic triflic acid are too acidic for the benzylidene protective group to withstand. Second, the occurrence of self-condensation in the TfOH experiment, but not in the TFA experiment, indicates the existence of two separate reaction pathways for the two processes. It should be noted here that apart from the nature and equivalents of acid used, the reaction conditions (concentration, excess of water, temperature, running time) were identical in both experiments. One possible explanation for the observed difference in product formation is the involvement of the anomeric trifluoroacetate as intermediate in the second experiment. The outcome of the NIS/TFA mediated hydrolysis of a diverse set of thioglycosides is presented in Table 1 . Invariably, productive yields (70-90%) were obtained irrespective of the nature of the starting thioglycoside concerning its substitution pattern and the nature of the protective groups. Most reactions went to completion within 30 min at 0°C, as monitored by TLC. In some instances a somewhat prolonged reaction time was required, as indicated in the table. Important to notice is the number of different protective groups that are compatible with the hydrolysis conditions, ranging from acid labile (benzylidene, silyl ether, p-methoxybenzyl, isopropylidene) to base-labile ester functionalities and including standard amine protective groups (azide, phthaloyl). Moreover, the nature of the parent glycoside (glucose, mannose, galactose, rhamnose) including deoxysugars and uronic acid derivatives appear to have no influence on the outcome of the anomeric deprotection. In the case of thiomannuronic acid ( Table 1 , entry 13), a prolonged quenching time had to be employed. In the first attempt, we isolated the corresponding anomeric trifluoroacetate as the main product. This result is of interest in itself, as it points toward the occurrence of anomeric trifluoroacetates as important reaction intermediates. The last entry involving the anomeric deblocking of a thiodisaccharide ( Table 1, entry 14) holds promise for the future use of thio functionalities as temporary anomeric protective groups in the construction of oligosaccharides.
Having established the use of the NIS/TFA combination of reagents in the hydrolysis of a number of thioglycosides, we arrived at the hypothesis that the NIS/TFA combination of reagents can effectuate an efficient glycosylation of thioglycoside donors. 19, 20 Accordingly, in a pilot experiment we treated ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-b-D D-galactopyranoside (7) with equimolar amounts of NIS and TFA at 0°C and added acceptor glycoside methyl 2,3,4-tri-O-benzyl-a-D D-glucopyranoside. After workup, only traces of disaccharide could be obtained. Instead, acceptor and hydrolyzed donor were isolated, indicating that NIS/TFA is not a useful alternative thioglycoside activating system for oligosaccharide synthesis purposes.
In conclusion, we have demonstrated an efficient and generally applicable protocol for the hydrolysis of thioglycosides, which nicely complements existing literature procedures.
Experimental

General methods
CH 2 Cl 2 was heated at reflux over P 2 O 5 and distilled before use. Trifluoroacetic acid was treated with trifluoroacetic anhydride and distilled. All chemicals (Acros, Fluka, Merck, Schleicher & Schue) were used as received. Column chromatography was performed on . NMR spectra were recorded in CDCl 3 with chemical shift (d) relative to tetramethylsilane unless stated otherwise. High resolution mass spectra were recorded on a LTQ-FT (thermoelectron). IR spectra were recorded on a Shimadzu FTIR-8300 and are reported in cm À1 .
General procedure
To a vigorously stirred solution of thioglycoside (0.50 mmol) in CH 2 Cl 2 (5 mL) and H 2 O (0.5 mL) was added at 0°C NIS (112 mg, 0.50 mmol) and TFA (39 lL, 0.50 mmol). After TLC analysis showed complete consumption of starting material, the reaction was quenched with satd aq Na 2 S 2 O 3 (unless noted otherwise) and washed with satd aq NaHCO 3 . The organic layer was dried over MgSO 4 and concentrated in vacuo.
Purification by column chromatography yielded the corresponding 1-hydroxy glycosides. 
